Signaling cascades are initiated in the plasma membrane via activation of one molecule by another. The interaction depends on the mutual availability of the molecules to each other and this is determined by their localization and lateral diffusion in the cell membrane. The cytoskeleton plays a very important role in this process by enhancing or restricting the possibility of the signaling partners to meet in the plasma membrane. In this study we explored the mode of diffusion of the cAMP receptor, cAR1, in the plasma membrane of Dictyostelium discoideum cells and how this is regulated by the cytoskeleton. Single-particle tracking of fluorescently labeled cAR1 using Total Internal Reflection Microscopy showed that 70% of the cAR1 molecules were mobile. These receptors showed directed motion and we demonstrate that this is not because of tracking along the actin cytoskeleton. Instead, destabilization of the microtubules abolished cAR1 mobility in the plasma membrane and this was confirmed by Fluorescence Recovery after Photobleaching. As a result of microtubule stabilization, one of the first downstream signaling events, the jump of the PH domain of CRAC, was decreased. These results suggest a role for microtubules in cAR1 dynamics and in the ability of cAR1 molecules to interact with their signaling partners.
Introduction
The ability of cells to communicate with and respond to their external environment is critical for their survival. In the majority of signaling events G protein-coupled receptors (GPCRs) are crucial intermediates in the transmission of extracellular information into intracellular responses [1] . Unraveling the mechanism of GPCR dynamics may lead to novel therapeutic approaches for treating diseases since GPCRs are tractable drug targets. The paradigm is that stimulation of GPCRs leads to the recruitment and activation of heterotrimeric G-proteins [2] , although studies show that GPCRs can also signal in a G-protein independent manner [3] [4] [5] . Initial events, fundamental to all types of GPCR signaling, occur at the plasma membrane via protein-protein interactions. Therefore, in addition to acting as a selective barrier, the plasma membrane serves as a platform for initiating and regulating signaling pathways. It is believed that the effectiveness of the signaling cascade depends on the organization and lateral mobility of the signaling components within the plasma membrane [6] [7] [8] [9] [10] . The efficiency depends on the probability of interaction between the GPCR and its effectors and this is controlled by the localization and mobility of GPCRs in the plasma membrane. Such a mechanism allows for the spatiotemporal fine-tuning of a cell's response to extracellular signals.
Chemotaxis, the directed cell migration towards a chemotactic source, is beautifully displayed in the developmental program of the social amoebae Dictyostelium discoideum. The cyclic adenosine monophosphate, cAMP, was identified as the chemoattractant that controls the aggregation [11] . The cAMP receptors, cAR1-4, are G-protein coupled receptors (GPCRs) that are functionally related to chemokine receptors mediating chemotactic responses of neutrophils, macrophages and lymphocytes. Upon binding of cAMP, the associated Gproteins on the cytosolic side of the membrane are activated and undergo agonist-induced serine phosphorylation [12] . Binding of cAMP to cAR1 leads to activation of second messenger pathways, including the activation of adenylyl cyclase, guanylyl cyclase, phospholipase C, phosphoinositide 3-kinase and PTEN phosphatase [13] . These activations are locally and temporally restricted along the plasma membrane creating a leading and trailing edge of the moving cell. Chemotaxis is a highly self-regulated process and recent evidence suggests that the organization of cAR1 in the plasma membrane plays an important role.
Single-particle tracking is a powerful method to characterize molecular movements by tracking fluorescent molecules in the plasma membrane. Previous single-molecule studies showed that the mobility of cAR1 [14] and the association/dissociation kinetics of cAMP [15] differed between the leading and the trailing edges of chemotaxing Dictyostelium cells. Here we use single-molecule Total Internal Reflection Fluorescence Microscopy (TIRFM) to investigate the modes of motion of cAR1. We demonstrate the existence of two types of receptors, mobile and immobile receptors as previously seen [14] . We take advantage of a labeling technique that allows for longterm imaging of the receptors to reveal that the mobile receptors do not move randomly in the plasma membrane but rather follow a socalled directed diffusion suggesting that the receptor is moving along a structure. As the actin cytoskeleton and the microtubules help regulate the topography of the plasma membrane in eukaryotic cells [16] , we also investigated the effect of cytoskeleton destabilization on the dynamic behavior of cAR1. We show that, although the actin cytoskeleton has an inhibiting effect on the rate of cAR1 diffusion, the microtubule network is responsible for the directionality in the mobility. Microtubule destabilization completely abolishes cAR1 mobility in the membrane and furthermore disrupts downstream signaling. We interpret our results based on the current understanding of actin and microtubule-dependent lateral dynamics of membrane proteins and receptor-effector interactions and hypothesize that microtubules regulate the nano-environment of cAR1 in the plasma membrane. This controls the effectiveness of activated cAR1 to interact with downstream signaling partners in the plasma membrane and may provide a mechanism for spatiotemporal signaling of cAR1 important for chemotaxis.
Materials and methods

Cell preparation
The gene encoding full length HaloTag™ protein was fused to the COOH-terminal of cAR1 by a fusion PCR technique from the HaloTag® pHT2 vector (Promega) and pEX-GFP vector. This cAR1-Halo fusion sequence was then released by BglII-NotI digestion and cloned into the BglII-NotI site of pJK1, a D. discoideum extra-chromosomal expression vector [17] . DNA was purified and transformed into JB4 cells (cAR1-/cAR3-cells), and these cells served to test the functionality of the cAR1-Halo fusion protein. Wild type cells (AX2, kindly provided by R. Kay) were transformed with the vectors and G418-resistant clones (20 μg/ml in HL5) were selected. PH-GFP (Pleckstrin Homology domain of CRAC, cytosolic regulator of adenylate cyclase) and γ-Tubulin-GFP were transformed in AX2 cells. All cell lines were grown and starved at 2 × 10 7 cells/ml for 6 h by shaking in DB buffer and transferred to either 2-well chambered cover-glasses (1.5 Borosilicate Sterile, Lab Tek II) or conventional coverglasses. The cells were measured in phosphate buffer.
Labeling of cells and drug addition
For single molecule observations the cells were treated with 0.01 μM HaloTag™ TMR (Tetramethylrhodamine) ligand (Promega, USA) for 15 min to label the HaloTag™ protein (Promega, USA) covalently. Unbound ligands were washed out by centrifugation before observation. Non-specific labeling was tested on wild-type cells and it did not occur. The cells were allowed to adhere for 15 min to base-cleaned 2-well chambered cover-glasses (1.5 Borosilicate Sterile, Lab Tek II). For FRAP experiments AX2 cells were transferred to a coverglass and incubated with 5 μg/μl FM4-64 (Invitrogen) for 15 min. After incubation the dye was washed away and the cells were immediately imaged for no longer than 30 min. The cAR1-YFP/AX2 cells for the FRAP experiments were from a stable cell line and also transferred to a coverglass after starvation. Both Latrunculin A (5 μM) and Benomyl (10-100 μM) were added to the cells and the cells were imaged after 10-15 min after addition without washing away the drugs. The drugs were diluted in DMSO so that the final DMSO concentration during the measurements was b1%.
Confocal microscopy and FRAP
Confocal imaging and Fluorescence Recovery after Photobleaching were performed on a SP5 (Leica, Germany) with a 63x, 1.45NA oil objective. GFP, YFP and FM4-64 fluorescence was excited at 488, 514 and 565 nm respectively, while the emission was collected with photomultiplier tubes after spreading by a prism and the bandwidth adjusted through mirrors. FRAP experiments were performed using a 1 μm diameter circular region of interest in the basal plane of the plasma membrane. Photobleaching was performed operating at 100% of laser power by scanning the bleached ROI for 10 iterations, yielding a total bleach time of 0.5 s. Recoveries were collected with time intervals adjusted to the mobility of the probe looked at. This was 5 intervals of 150 ms followed by 10 of 1 s and 10 of 5 s for cAR1-YFP and 20 intervals of 100 ms followed by 10 intervals of 500 ms for FM4-46. Fluorescence intensity data for the bleached ROI were calculated using Leica software. The fluorescence timeseries was exported to ascii files and transferred to Origin. After background correction and normalization to t0 using a method that is known as double normalization [18] , the single data files (approximately 20 curves for each condition) were averaged to create a single curve. The data were compared using the Two-sample Kolmogorov-Smirnov test function in Matlab (The Mathworks, USA).
Single molecule microscopy
An agar-overlay [19] was used to provide for an optimal cell-to-glass contact, necessary for TIRF. Thin agar sheets were mounted on top of the cells before measuring. The cells were illuminated continuously at 568 nm by an Ar-Kr laser. A system using an acousto-optic tunable filter (AOTF) (Prairie technologies, USA) controlled with Metamorph (Molecular Devices, USA) provided exact values for the intensity and wavelength. Single molecules were visualized using an objective type total internal reflection microscope (IX 71, Olympus, USA) with a 100× objective (PlanApo 100× NA 1.45, Olympus, USA). Fluorescence signals from TMR were monitored through a dichroic mirror in combination with a band-pass (for 568 nm, Chroma Technologies) by a CCD camera at 30-ms intervals (Cascade 512B, Photometrics, USA). Typically 500 readouts of a small region of the full array (typically 100 × 100 pixels, i.e. 16× 16 μm 2 in the image plane, of total 512 × 512 pixels) of the CCD chip were acquired to the PC.
Data analysis
The data was analyzed following a method as described in [20] . In brief, the intensity profiles of the TMR signals were fitted to twodimensional Gaussian profiles yielding the fluorescence intensity with an uncertainty of b20% and the position with an accuracy of 25 nm [20] . The signals were validated as individual emitting TMR molecules by observing the intensity in time and determining single-step photobleaching events. Trajectories were constructed from the positional shifts of molecules in consecutive images. The lateral diffusion of Brownian particles in a medium characterized by a diffusion constant D is described by the cumulative probability distribution function for the square displacements, r 2 [21, 22] :
, t lag ) describes the probability that the Brownian particle starting at the origin will be found within a circle of radius r at time t lag . This mono-exponential fit did not accurately describe the data obtained for cAR1-Halo-TMR and from the trajectories it was already seen that there were two populations of receptors with different types of trajectories. Provided that the system under study segregates into two components Eq. (1) becomes [21] :
Describing the data with this bi-exponential fit results in two receptor populations with each of their Mean Square Displacements (MSD i = r 1 2 and r 2 2 ) and the size of the relative fractions, α and (1 − α) respectively. The cumulative probability distributions P(r i 2 , t lag ) were constructed for each time lag from the single-molecule trajectories, obtained from 30-40 different cells (for each cell line and condition), by counting the number of square displacements with values ≤ r 2 , and subsequent normalization by the total number of data points [21] . Probability distributions with N N 10,000 data points were leastsquare fit to Eq. (2), resulting in a parameter set (r 1 2 (t lag ), r 2 2 (t lag ), α), for each time lag, t lag , between 0.030 and 1.5 s. The data for the different t lags were constructed from the same dataset taken with t lag = 30 ms by taking the 1-step (t lag = 30 ms), 2-step (t lag = 60 ms) up to the n-step (t lag = n ⁎ 30 ms) displacements. This approach of fitting leads to a robust estimation of the mean-square displacements r i 2 even when the mobility is not purely random [23] . The cumulative probability distributions P(r i 2 , t lag ) were compared between the different conditions using the Two-sample Kolmogorov-Smirnov test function in Matlab (The Mathworks, USA).
Mobility analysis
The mode of diffusion and the diffusion coefficient of the respective populations of molecules were determined by fitting the Mean Square Displacement ( and a model describing confined diffusion [25] ,
where D init is the initial diffusion coefficient for small time-lags and L represents the side-length of a square domain.
Results
Imaging single cAR1 receptors
To study diffusion of cAR1, long-term (~seconds) tracking of the receptors in the plasma membrane is required. Commonly used green fluorescent protein mutants, like eYFP, bleach rapidly resulting in short trajectories even with TIRFM. HaloTag™ technology provides a labeling technique that allows for longer imaging at the single molecule level (Materials and methods). A second advantage of the HaloTag technique was that by controlling the concentration of the Halo-TMR ligand the number of fluorescently-tagged receptors can be regulated. This means that only a few, well separated, molecules were fluorescent and their location could be pinpointed by calculating the center of the observed Gaussian point-spread function. Labeling wild-type cells lacking the fusion protein with the Halo-TMR ligand showed no apparent background labeling (data not shown). Together with the use of TIRFM which decreases the background fluorescence significantly by only imaging molecules close to the glass surface, a good signal-to-noise-ration was obtained. This labeling technique made it possible to visualize single receptor molecules in the basal membrane of living D. discoideum cells (Fig. 1A and B Supplemental Movie M1) with a positional accuracy of 25 nm and a temporal resolution of 30 ms for a few (5-10) seconds. Single-molecule imaging was confirmed by observation of single-step photobleaching of TMR-labeled cAR1 (Fig. S1 ). The fusion protein labeled or unlabeled with Halo-TMR, rescued the developmental defect of cAR1-cells and was thus shown to be functional (data not shown).
cAR1 displays directed motion in the plasma membrane
The cAR1-HaloTag-TMR molecules were tracked in the basal plasma membrane of wild-type Dictyostelium cells. To increase the cell-to-glass surface of the cells, a thin agar sheet was mounted on top of the cells, which flattened the cells and reduced cell motility. Control experiments with cells which were not flattened showed that flattening with agar-overlay had no effect on cAR1 mobility.
Movies were acquired with a 30 ms time sample. In each image from the movie, automated analysis yielded values for the integrated fluorescence signal and the lateral position of the receptors (with high accuracy~25 nm) [26] (Fig. 1A , Supplemental Movie M1). Trajectories were constructed from the positional shifts of the molecules in consecutive images. These trajectories showed two different types of diffusion: molecules that were moving away from their point of origin and molecules that appear immobile (Fig. 1B) . The trajectories were analyzed by plotting the cumulative probability (P) of the square displacements (r 2 , see Materials and methods) [21] in different time lags (Fig. 1C) . This was fitted to a two-component model (Fig. S2) , reflecting two receptor fractions [21] confirming the observation of two types of trajectories. Eq. (2) leads to two fractions (with size α = 70% and 1 − α = 30%) each with a characteristic mean squared displacement, MSD i . The mobility can be further characterized by plotting the MSD against the respective time lags between points (Fig. 1D) and fitting them to different models for diffusion. These models: free Brownian diffusion, directed flow, transient confinement in dynamic microdomains, immobile obstacles and hop diffusion across membrane picket fences [27] correspond to different microscopic organizations of the plasma membrane and the respective effect on the mobility of membrane proteins. In analyzing the MSD plots, the positional accuracy in our measurements, σ = 25 nm was taken into account, leading to a constant offset in MSD of 4 × (0.025 μm) 2 =0.0025 μm
2
. Thirty percent of the receptors were considered immobile in these experiments, since the MSD was close to the positional accuracy (Fig. 1D, black circles) . However, on longer timescales the MSD started to deviate from the positional accuracy. This could be attributed to vibrations in the setup, but it is also possible that this population is moving very slowly. Fitting the data with a model for free diffusion resulted in a diffusion coefficient D = 0.0024 ± 0.0005 μm 2 /s (Fig. S3, red dotted line) . However, fitting the result with the model for confined diffusion gave an equally good fit (Fig. S3, blue dotted line) , suggesting that 30% of cAR1 molecules diffuse freely with D = 0.0026 ± 0.0005 μm 2 /s in an area with size L=0.46±0.1 μm. Determining which model is more appropriate would require the ability to measure the MSD on timescales much smaller than 30 ms which was not possible in our setup.
The majority of cAR1 receptors (70%) displayed dynamic movement in the plasma membrane. Despite that an agar overlay was used, there were still small plasma membrane movements resulting in molecules moving in and out of focus. These molecules were not picked up in every image of an image stack resulting in truncated trajectories. To circumvent this problem we selected for long traces (n = 59) and analyzed these. The plot of this fraction showed a quadratic shape (Fig. 1D , black squares) and could not be described with the model for free diffusion (Fig. S4) . Instead we used a model describing diffusion with a drift or flow with constant velocity, v [24] , MSD = Dt lag + v (Fig. 1D) . The receptors did not change their dynamics upon global cAMP stimulation, they maintained their directed diffusion with only a slight increase in mobility (Fig. S5) . Taken together, these data demonstrate that cAR1's movement is not solely random but that it also reflects directed motion, presumably alongside a structure underlying the cell membrane.
Actin cytoskeleton increases cAR1 mobility
Having observed directed motion in the plasma membrane displacement of cAR1, we next sought to determine whether this is a result of tracking along cytoskeletal components. We first disrupted the actin cytoskeleton using Latrunculin A [28] . Analysis of the cAR1 trajectories showed that the ratio of mobile and immobile receptors was not altered in Latrunculin-treated cells: 70% of the receptors were mobile on the timescale measured. Though individual trajectories looked similar ( Fig. 2A) , the cumulative probability distributions of cAR1-Halo-TMR square displacements (Fig. S6) were significantly different in the control cells when compared to Latrunculin A-treated cells, using a two sample Kolmogorov-Smirnov test for all timelags (Fig. 2B) . Thus, inhibiting actin polymerization increased the speed of motion, but the movement of the molecules still showed a directional bias. These data demonstrated that the actin cytoskeleton network was not responsible for the directed movement seen in cAR1. Moreover, this result also proved that the observed directed movement was not a consequence of migration of the cell since disruption of the actin cytoskeleton inhibits cell movement.
cAR1 immobilizes upon microtubule decomposition
We next investigated the role that the microtubule network may have on cAR1 motility. Microtubules have previously been shown to influence mobility of plasma membrane-localized proteins [8, 9, 29, 30] . We depolymerized the microtubules with Benomyl (also called benlate), which is a benzimidazole derivative, like nocodazole, thiabendazole and cambendazole and its effects on D. discoideum were characterized as less severe than other drugs [31] . Brief treatment with 50 μM of Benomyl decomposes the aster-like assemblies near the periphery of the cells [32] . The Benomyl-induced disruption of the microtubules nearly eliminated cAR1 mobility completely (Fig. 3A) ; analysis of these trajectories revealed that the MSD was similar to the positional accuracy for all time lags (Fig. 3B) . These measurements also demonstrated that vibrations in our setup were negligible thus confirming that the immobile population (30%) of cAR1 molecules (Fig. 1D) we observed before adding drug was slowly moving and not completely immobile.
These results suggest that microtubules control cAR1 dynamics in the basal plasma membrane of Dictyostelium cells. cAR1 mobility is stopped at the same concentration of Benomyl (50 μM) and time after addition (10 min) as when the disruption of microtubules was observed with fluorescence imaging of γ-Tubulin-GFP with confocal microscopy ( Fig. 3C and D) . The Benomyl-induced immobility of cAR1 was not due to cell death, since removal of the drug enabled the cells to go through their developmental program and forming fruiting bodies (data not shown). It was also not caused by the solvent DMSO, which is toxic for cells at concentrations higher than used in our experiments (b1%). Control experiments with only DMSO added showed no effect on receptor mobility (Fig. S7) . Another side-effect could be that Benomyl was affecting the viscosity of the membrane. The viscosity of the membrane after Benomyl treatment was tested with a fluorescent membrane marker. The lipophilic dye N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibromide (FM4-64) stains the plasma membrane and is predominantly used to follow the endocytic pathway, but for a short time after incubation it can be used to visualize the plasma membrane. We used Fluorescence Recovery after Photobleaching (FRAP) to test whether the mobility of this dye was changed after treating the cells with Benomyl when it was bound to lipids in the plasma membrane. The recovery of the fluorescence was monitored after an area of 1 μm diameter was bleached in the basal membrane of the cells. The fluorescence recovery curve of FM 4-64 (Fig. 3E) was not different before and after treatment (2-sample Kolmogorov-Smirnoff test, 95%), demonstrating that the viscosity of the plasma membrane was not affected by Benomyl. In contrast, the same experiment with cAR1-eYFP showed no recovery after photobleaching when the cells were treated with Benomyl (Fig. 3F) . These results again confirmed that cAR1 mobility was inhibited after disruption of the microtubules with the drug and that the overall viscosity of the plasma membrane was unaffected.
Microtubule disruption leads to decreased signaling downstream of cAR1
One of the first downstream signaling events upon cAR1 activation is the actin-independent translocation of the Pleckstrin Homology (PH) domain-containing protein CRAC (cytosolic regulator of adenylyl cyclase) [33] to the plasma membrane. The cascade is initiated at the plasma membrane, where Gβγ-sub-units activate PI3K in a Rasdependent manner [34] . This leads to the formation of phosphatidylinositol 3,4,5 phosphate (PIP3) and the recruitment of CRAC. We used the PH-GFP recruitment to the plasma membrane to monitor the effect of microtubules decomposition on downstream signaling of cAR1. Upon global cAMP stimulation, a uniform recruitment of PH-GFP to the plasma membrane was observed within a few seconds as expected [33] (Fig. 4A , Supplemental Movie M2). This recruitment was not observed in cells that were treated with Benomyl (Fig. 4B, Supplemental Movie M3) . These results suggest that the inability of cAR1 to move in the plasma membrane abrogates downstream signaling and point out an important role for the microtubules in the regulation of cAR1 function.
Discussion
Using TIRFM we were able to visualize long trajectories of single cAR1 receptors in the basal plasma membrane that had been fluorescently tagged using the HaloTag technology. We found two populations of receptor molecules and characterized the types of diffusive behavior. We showed that 70% of the receptors are mobile and have directed motion with D = 0.014 μm 2 /s and v =0.18±0.07 μm/s. No correlation was seen in the directionality of the receptor motion, but this can be attributed to the fact that we were concurrently observing few, well separated receptors. The directed motion is not a result of cell (Fig. 2A) . Disruption of the actin cytoskeleton resulted in an increase in cAR1 mobility, showing that actin cytoskeleton has an inhibitory effect on cAR1 mobility. Many reports have been published on the effect of the actin-based membrane cytoskeleton on GPCR mobility in the plasma membrane [35] [36] [37] . One of the models proposed, the membrane-skeleton fence model, suggests that the GPCR is directly linked to the actin cytoskeleton and is temporarily confined. Another is the anchored-protein picket model where various transmembrane proteins are anchored and aligned along the membrane cytoskeleton, effectively forming rows of pickets. The hydrodynamic dragging effect of the pickets suppresses the movement of other molecules in the vicinity [38] . No confinement was observed for cAR1 in the plasma membrane on the timescale we measured suggesting that cAR1 is slowed down by the 'pickets' on the actin cytoskeleton fence.
We were able to eliminate the directed movement of cAR1 in the basal plasma membrane on the timescale measured by destabilization of the microtubules. The microtubule effect was confirmed by our FRAP experiments with cAR1-eYFP. Microtubule-affecting drugs are very specific and FRAP on a plasma membrane marker showed that immobilizing cAR1 is not due to a change in the membrane viscosity as a side effect of Benomyl. Disruption of cytoskeleton elements with the use of drugs can have either an inhibitory or a stimulatory effect in signaling depending on the system looked at [8, 9, 35] . We investigated this and showed that when microtubules are destabilized, one of the first downstream cAMP signaling events, the jump of the Pleckstrin Homology domain (PH-GFP) of CRAC to the plasma membrane is prevented. We hypothesize that the microtubule-controlled mobility of cAR1 is necessary for cAR1 function, probably by enabling cAR1 to find its signaling partners in the plasma membrane. It has to be noted that it is possible that CRAC binding/transport could require microtubules, although this has not been documented before, independent of whether the receptor is mobile. However, resolving this issue would require uncoupling cAR1 from microtubules without disruption of the microtubules, necessitating more detailed knowledge of the biochemical link between cAR1 and microtubules.
We have shown that microtubules control the mobility of the majority of cAR1 molecules (70%) and that this is important for signaling. We also found a second population of molecules (30%) which we determined to be moving very slowly, since vibration in our setup was negligible and there was movement to be seen on long timescales. This population may be unaffected by the cytoskeleton, either the actin network or microtubules, as the population was not affected by the drug Latrunculin A and the degree of mobility is very close to that seen in Benomyl-treated cells. To study the mobility of this population of receptors, imaging rates faster than are possible in our experimental setup are necessary Our imaging rate may be preventing us from discriminating the dynamics of the 30% immobile receptors from the Benomyl affected 70% of mobile receptors. Thus, it is possible that the 30% of immobile receptors were not affected by the disruption of microtubules and hence not linked to microtubules, but to other signaling components. The plasma membrane contains diverse structures on nano-meso-scales (2-200 nm) with a variety of lifetimes. To see the structures at the lower limit of size and life-time, one has to be able to image faster than the 30 ms timeframe applied in our study. In studies using colloidal gold particles in combination with Nomarski (differential interference contrast) or bright-field microscopy, imaging rates of 25 μs resolution can be reached [39] . In our previous singlemolecule study, where we showed that there are two receptor populations and that cAR1 mobility is polarized in the apical membrane of chemotaxing cells [14] , the diffusion coefficient was quite different compared to what we found in the basal membrane. This again supports the importance of the cytoskeleton in the mobility of cAR1, since the cortex is different for the apical membrane than that of the basal membrane in these rapid moving cells.
Though microtubules have been shown to control the lateral diffusion of plasma membrane receptors in other cell types, including neuronal cells [29, 30] , the mechanism by which microtubules may affect mobility of cAR1 is unclear as there are only~40 microtubules originating from the centrosome in Dictyostelium cells. The actin network with its many crosslinks and connections with the plasma membrane has been widely described to control the mobility of membrane-localized proteins. It has recently been shown that microtubules have a similar type of network [40] . Microtubules were found to attach to the basal cortex as a dynamic network with many microtubule-microtubule contacts in polarized epithelial cells. Several microtubule plus-end tip proteins, like adenomatous polyposis coli protein (APC) and end-binding protein 1 (EB1) were found to localize along the length of microtubules promoting microtubule-microtubule contacts and attaching the microtubules to the cell cortex along the length of the microtubules: microtubules were shown to grow over and pass APC puncta on the plasma membrane [40] and these puncta could be part of a microdomain. D. discoideum have both APC and EB1 and DdEB1 was found to localize along the length of the microtubules [41] indicating that a similar mechanism is possible.
cAR1, among other signaling proteins, was found in detergentresistant membrane fractions indicating their organization in microdomains [42] . Many signaling molecules have been found in detergent resistant membranes suggesting that these domains function as cell signaling platforms [43] . We hypothesize that cAR1 is localized in microdomains and indirectly coupled to the network of microtubules via microtubule-binding proteins in the microdomains. These microdomains are tracking along microtubules via interaction of proteins in the domain and on the microtubules and thus causing the directed movement of cAR1. In mammalian cells it was found that Gα subunits bind directly to tubulin [44] . In Dictyostelium, the recently found homolog of the Fused kinase, called Tsunami, is localized in puncta at the periphery of the cell and in smaller spots along the length of microtubules in Dictyostelium cells [32] , similar to that found for APC in epithelial cells [40] . It was suggested that Tsunami acts in association with microtubules and that it is important for polarization and chemotaxis in Dictyostelium.
If cAR1 is diffusing in a small domain that tracks along the microtubule network, then cAR1 appears immobile upon microtubule disruption. Although cAR1 could still be diffusing in its domain, the receptors' macroscopic (long-term) diffusion coefficients are now smaller than their microscopic (short-term) diffusion coefficients [39] . A second possible explanation is that receptors are immobilized because of stabilization of the microtubule network. In MCF-7 cell, it has been shown that Benomyl, at its half-maximal proliferation inhibitory concentration, strongly suppressed the rate and extent of growing and shortening excursions of individual microtubules without noticeably depolymerizing the microtubule network or decreasing the polymerized mass of tubulin [45] . Furthermore, Benomyl treatment caused an increase in the acetylation level of microtubules suggesting that it stabilizes microtubules. Although our study uses a Benomyl concentration that clearly depolymerized the microtubules originating from the centrosome (as shown in Fig. 3B) , it is possible that the pieces of the suggested basal microtubule network were stabilized resulting in a fixed position of the domain or even a fixed position of cAR1 if there is a direct link.
Microtubules are of the utmost importance in signaling by trafficking signaling molecules to the signaling platform. The Ang II type 1 receptor (AT 1 R) traffics into caveolae/lipid rafts together with Rac1 in a microtubule-dependent manner [9] . Microtubules together with actin cytoskeleton restrict cAMP formation by regulating the localization and interaction of GPCR-G s -AC in caveolae/lipid rafts [8] . Thus microtubules play a role in the localization of signaling proteins in caveolae/lipid microdomains. This is very important for the polarization of signaling in multiple processes including chemotaxis. In many cell types, including Dictyostelium [46] there is an intriguing correlation between the position of the microtubule-organizing center (centrosome) and the direction of movement [16] . Controlling and delivery of signaling molecules to microdomains could therefore be very important in creating a leading versus trailing edge during cell migration as was shown in neurons [29, 47] .
We propose a mechanism in which cAR1 together with other signaling molecules is localized in microdomains, so called signalosomes, which laterally traffic along submembrane microtubules via microtubules-binding proteins in the domain. In addition, the microtubules also deliver signaling molecules to and from these signaling complexes. In this view the microtubules control the localization and the signaling of these signalosomes in the membrane and this is important in creating a leading versus trailing edge during chemotaxis. A similar mechanism could be essential in a wide variety of cell functions, including cytokinesis, and it will be important to characterize the components of the signalosomes and how they are regulated.
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